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Free-Form Optics Enhanced Confocal Raman
Spectroscopy for Optofluidic Lab-on-Chips

Diane De Coster, Damien Loterie, Heidi Ottevaere, Michael Vervaeke, Jürgen Van Erps, Member, IEEE,
Jeroen Missinne, and Hugo Thienpont, Member, IEEE

Abstract—We present an optofluidic lab-on-chip for confocal Ra-
man spectroscopy, which can be used for the analysis of substances.
The device strongly suppresses unwanted background signals be-
cause it enables confocal detection of Raman scattering thanks
to a free-form reflector embedded in the optofluidic chip. We de-
sign the system using non-sequential ray-tracing combined with a
mathematical code to simulate the Raman scattering behavior of
the substance under test. We prototype the device in polymethyl
methacrylate by means of ultraprecision diamond tooling. In a
proof-of-concept demonstration, we first show the confocal behav-
ior of our Raman lab-on-chip system by measuring the Raman
spectrum of ethanol. In a next step, we compare Raman spectra
measured in our lab-on-chip with spectra measured with a com-
mercial Raman spectrometer. Finally, to calibrate the system we
perform Raman measurements on urea solutions with different
concentrations with our proposed experimental proof-of-concept
setup. We achieved a detection limit that corresponds to the noise
equivalent concentration of 20 mM.

Index Terms—Raman spectroscopy, optics, polymer, rapid pro-
totyping, confocal detection.

I. INTRODUCTION

CHEMICAL analyses are important. In medicine, the analy-
sis of physiological samples helps to diagnose diseases. In

agriculture, the detection of pathogens and contaminants in soil
is necessary to ensure food safety. In industry, analytical tech-
niques are used to monitor chemical processes and the quality
of end products. Raman spectroscopy is a powerful optical and
nondestructive technique and a well-known method for analysis
purposes, especially to determine the molecular fingerprint of
substances. Raman spectroscopy has therefore been used in a
wide range of applications, including gas analysis [1], cancer
screening [2], [3], structural chemistry [4], materials science
[5], biomedical microscopy [6] and pharmaceutical research
[7]. Traditionally, such analyses are done in a specialized lab,
with considerable requirements in terms of equipment, time and
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manual sampling of substances of interest. In this paper we take
a step from bulky Raman spectroscopy laboratory analyses to-
wards lab-on-chip (LOC) analyses. The philosophy of LOC re-
search is precisely to reduce the cost and complexity of these lab-
oratory analyses, by miniaturizing and integrating multiple lab-
oratory processes on a single device. LOC devices are portable
and allow new functionalities, such as direct manipulation of
biological cells, parallel testing, and point-of-care diagnoses.

Raman spectra deliver highly specific information about
molecules, like a molecular fingerprint and it does not require
prior chemical treatment of the sample. The Raman spectrum
of an unknown substance can be compared against a database
of known Raman spectra in order to identify the substance un-
der test. With proper calibration, it is even possible to deduce
the concentration of this substance from the intensity of the
observed Raman peaks. Because of this, Raman spectroscopy
would be a valuable addition to the existing toolset of LOC
devices, enabling applications such as cell sorting based on
Raman signatures. In its turn, a LOC device could make con-
ventional Raman analyses of chemical or biological samples
cost-efficient, more user-friendly and faster in terms of sample
preparation.

Although Raman spectroscopy and LOC have already been
combined into integrated Raman LOC devices [8], [9], Raman
spectroscopy requires great care for the successful implemen-
tation in a LOC device. The main design concerns when de-
veloping a Raman LOC system are the quality of the detected
signal and the Raman signal collection efficiency of the system.
A good signal quality means that sources of background signals
and distortions must be minimized to preserve the Raman signa-
ture of the substance of interest. The signal collection efficiency
of the system is important for LOC applications, because this
affects the speed and the sensitivity of the system. The chal-
lenges of Raman spectroscopy for a LOC arise mainly from
the very low intensity of Raman scattering. The Raman signal
is easily obscured by other processes that happen in parallel,
such as autofluorescence of the sample, stray light and parasitic
Raman signals from the material of the chip. Solutions include
the use of near-infrared excitation wavelengths to prevent flu-
orescence, and proper design of the optical system to limit the
excitation of extraneous material beyond the sample and the
collection of background signals. In addition, processing tech-
niques using software (e.g., “adaptive minmax” method [10])
or hardware (e.g., wavelength tunability [11]) can also help to
improve the detection of the Raman signal of the substance of
interest. The weakness of the signal often leads experimenters
to use a high illumination power, which can cause damage to the
sample due to local heating (tempering the above remark about
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the non-destructiveness of Raman spectroscopy). Illumination
powers from 50 to 700 mW have been reported [2], [9], [12].
Lastly, the fact that every molecule can emit Raman radiation
is both an advantage and a disadvantage: one can differentiate
various components in a sample, but as the number of chemical
constituents in a sample grows, it becomes difficult to separate
the individual spectral signatures. This is of special relevance in
forensics [13] and life sciences [14].

As previously mentioned, Raman spectroscopy has been in-
tegrated on-chip by Ashok et al. [8] and Dochow [9]. In 2011,
Ashok et al. made a LOC component that eliminates the need
for a microscope objective to perform Raman measurements.
Their system consists of a chip made in polydimethylsiloxane
in which four channels are created using a soft lithography pro-
cess. These channels meet in the center of the chip, where the
Raman detection area is located. Two of the channels convey the
fluid sample to and from the detection area. In each of the two
remaining channels there is a multimode optical fiber: one fiber
brings the excitation light from the 785 nm laser to the detection
area, the other fiber collects the subsequent Raman scattering
and brings it to the spectrometer outside the chip. The complete
measurement system makes use of a bulky laser and spectrom-
eter, but the fiber-based LOC component eliminates the need
for a microscope objective. With this setup, they measured a
noise equivalent concentration (NEC1) of urea of 80 mM, using
an illumination power of 200 mW and an acquisition time of
5 s. This design has been improved in a number of ways by
Dochow [9]. Their chip uses four multi-mode collection fibers
instead of just one, increasing the amount of collected light. Ad-
ditionally, all fibers are separated from the sample fluid, which
ensures that the fibers are not contaminated by the fluid during
an experiment. Their chip is made from quartz, which has a low
Raman signature, in order to avoid perturbing the measurement.
They achieve a limit of detection (LOD2) of 0.53 mM for urea
detection. These measurements were done with an illumination
power of 700 mW and an acquisition time of 10 s.

We introduce a plastic LOC equipped with a free-form reflec-
tor for confocal Raman measurements. With this novel approach
we aim at enhancing the detection of Raman signals from the
substance of interest due to the suppression of the parasitic
Raman signals from the polymethyl methacrylate (PMMA) ma-
terial of the chip. We ensure a robust design for the reflector
chip and fabricate the chip in plastic to make it suitable for mass
manufacturing, which paves the way to a low-cost and dispos-
able LOC. In Section II, we present the design of the reflector
and the simulation of the entire Raman excitation, scattering
and collection system by means of non-sequential ray-tracing
combined with a mathematical code. In Section III, we discuss
the prototyping of the free-form reflector with ultraprecision
diamond tooling and the assembly of the optofluidic chip. In
Section IV, we discuss the use of our optofluidic chip in a

1The NEC is the concentration of the component of interest at which the signal
level of the component is equal to the measurement noise (signal-to-noise ratio
(SNR) = 1).

2The LOD is the concentration that corresponds to a intensity level equal to:
ILO D = IB + 3.3σB , with IB the mean intensity of the background and σB

the standard deviation of the background intensity.

proof-of-concept demonstration setup for the detection of urea
solutions with different concentrations in pure water. Finally,
in Section V, we draw conclusions we discuss approaches to
increase the performance of our system in the future.

II. DESIGN OF THE INTEGRATED REFLECTOR FOR

CONFOCAL RAMAN SPECTROSCOPY

Our chip (indicated by the dashed oval on Fig. 1) consists
of three layers of PMMA. The bottom layer is a layer of
200 μm thickness with a free-form optical surface on the bottom,
coated with a reflective gold layer. The 500 μm thick middle
layer consists of a fluidic channel that runs through the focus of
the aforementioned free-form reflector (see Fig. 3). The use of a
reflector on the bottom layer of the LOC allows a higher collec-
tion efficiency of the Raman scattered light that will be created
in this focal point as compared to a design where a refractive
lens is placed on the top layer. In addition it avoids techni-
cal difficulties related to the fabrication of single high numer-
ical aperture refractive elements [15]. The top layer also has a
thickness of 500 μm and seals the microfluidic channel. The
proposed geometry for the reflector chip uses the principle of
a parabolic reflector combined with a confocal microscope.
Parabolic reflectors reflect all rays parallel to the optical axis
towards the focal point of the parabola. Conversely, all rays orig-
inating in the focal point are collimated into a beam parallel with
the optical axis. Parabolic reflectors can also be useful in a LOC
context, as demonstrated by Merenda et al. in 2007 [15]. Here
an array of more than 400 parabolic microreflectors was used to
optically trap fluorescent particles in a microfluidic channel and
collect the emitted fluorescence. Since our chip does not inte-
grate the fibers for excitation and collection on the chip, external
optical components are necessary (see Fig. 1). Lens L1 in the
excitation path ensures the collimation of the laser beam exiting
the excitation fiber before it propagates towards the reflector.
Lens L2 is needed at the collection side to focus the collected
Raman signal into the collection fiber that is connected to the
spectrometer. The confocality in our system is obtained by using
an optical fiber as collection target. Indeed, the relatively small
core of the fiber (e.g., diameter of 200 μm) works like a pinhole,
making the setup confocal. Light coming from an out-of-focus
point in the optical system will neither be coupled into the fiber
core by the collection lens nor be guided by the fiber. This is
illustrated in the simplified schematic of our setup in Fig. 1. A
laser line mirror and a notch filter are needed to respectively
separate the excitation and collection paths and to eliminate the
Rayleigh scattered excitation light. Such a confocal system can
significantly increase the performance of a Raman spectroscopy
system [6], for example for Raman measurements in a micro-
reactor chip using a stand-alone lens [17]. Indeed, only the light
coming from the desired location within the sample makes it to
the detector. Any out-of-focus source is strongly attenuated, re-
ducing the background in the measured signal. In the following
sections we discuss how the design of the reflector was realized
and how we simulated the Raman scattering and collection of
this Raman scattering by means of non-sequential ray-tracing
simulations and mathematical calculations.
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Fig. 1. Simplified schematic of the full setup with a sliced view of the chip
geometry (not on scale). The LOC is indicated by the dashed oval.

Fig. 2. Derivation of the reflector’s shape, accounting for a refractive transition
before the focus (in our device n1 = nH 2 O and n2 = nP M M A ). A parabola
with the same curvature at the origin is also displayed, for comparison.

A. Free-Form Shape of the Reflector in the Optofluidic Chip

The reflector focuses the incident light into the channel
of the optofluidic chip through a PMMA-water interface,
which introduces an extra refraction before reaching the focus
(see Fig. 2). In this case a parabolic reflector shape [15] would
not focus all incident light to a common focal point, especially
for rays that are strongly bent which is the case due to the high
NA of the reflector. This would cause significant aberrations
and a loss in performance since off-axis rays are not properly
focused into the desired spot.

For this reason, we design a free-form reflector based on the
property of a parabolic mirror. We use Fermat’s principle in our
geometry containing a refraction before reaching the focus. In
this case, n1 |QiSi | + n2 |SiPi | + n2 |PiRi | + n1 |RiFi | is con-
stant, with n1 the refractive index of water and n2 the refractive
index of PMMA. The problem is solved numerically and re-
sulted in a free-form shape that correctly reflects all incoming
rays that are parallel to the optical axis towards the focus of
the reflector. All rays originating from this focal point are then
in turn collimated by the reflector when propagating out of the
optofluidic chip.

B. Non-Sequential Ray-Tracing Simulations

1) Excitation of the Raman Scattering: The excitation
source in the simulation is a collimated Gaussian beam with

Fig. 3. Excitation (a) and creation (b) of the Raman scattering in the microflu-
idic channel (not on the same scale).

a mode field diameter that is approximately half the diameter of
the reflector (1.6 mm) to ensure that a maximum amount of the
incident light is reflected by the reflector and to minimize the
loss of signal when the chip is misaligned with respect to the
external optics. The simulation source is created at a distance of
500 μm from the top of the chip (see Figs. 1 and 3). When the
excitation beam (785 nm) has propagated up to the focal point
of the system, we must determine the spatial distribution of the
Raman scattering that it causes. The Raman scattering comes
from a volume defined by the excitation beam in this detec-
tion area. Since our design includes a high numerical aperture
reflector that causes strongly converging rays, we encounter a
limitation of our non-sequential ray-tracing program (ASAP).
The program can record the flux that passes through a given
volume element in space, but this method breaks down at high
numerical apertures [18]. For this reason, we first use ASAP
to trace the excitation beam until a certain distance before the
focal point of the system. Then, we export these rays to MAT-
LAB, where a script generates the Raman scattering. Within the
detection volume, we define Raman scattering sources along
each ray of the excitation beam. The positions of the Raman
sources along each ray are randomly selected using a Poisson
distribution and scaled with the proper flux. In this script, the
flux of the created Raman scattering corresponds to a scattering
coefficient μ = 1μm−1 which means that an excitation beam
with a flux of 1 unit generates on average 1 unit of Raman scat-
tering per micrometer of propagation in the scattering medium.
The created scattering is then imported back to ASAP and from
then on the non-sequential ray-tracing continues. We verified
that our approach worked as intended by implementing this
combined approach (non-sequential ray-tracing in combination
with MATLAB) in ray-tracing simulations without strongly con-
verging rays, where the flux of a ray can be recorded in ASAP
in each volume element in space it passes through. The simu-
lations showed that our approach corresponds well to the full
non-sequential ray-tracing method. If one wants to represent the
detected units for a particular substance (with a specific Raman
scattering coefficient) in absolute power units, the detected units
should be scaled with the actual source power and scattering co-
efficient [20].

One important limitation with the method combining ASAP
and MATLAB is that it does not account for diffraction effects,
which makes it impossible to predict the spot size at the focus of
the reflector. The above simulation method relies on geometric
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optics to find the flux distribution of the excitation beam around
the focus. Within this approximation, the excitation beam is fo-
cused in an infinitely small spot at the focus. Also, the generated
scattering is isotropic in our simulations. This is an approxima-
tion in the case of Raman scattering, but a complete modeling
of the actual intensity pattern is not meaningful for our purpose
since this pattern varies from molecule to molecule and from
transition to transition within a molecule. The rays from the
laser source (direction indicated by the three arrows) and the
reflector are shown in Fig. 3(a), the resulting Raman scattering
around the focus is shown in Fig. 3(b).

2) Collection of the Raman Scattering: The amount of Ra-
man scattered light collected from our substance under test
should be maximized per mW of excitation power to have
reasonable integration times and SNR. The throughput in the
collection path is determined by the numerical aperture of the
optical components and the étendue of the light beam, which
should match. We simulate the propagation of the created Ra-
man scattering out of the chip, towards a lens with a NA =
0.16 and a clear aperture of 5 mm. The light is coupled into a
200 μm core multimode fiber with a NA = 0.22. The rays that
reach the entrance of the collection fiber are then propagated
through the fiber (simulated by a glass rod with ncore=1.45 and
ncladding=1.4) and through the spectrometer’s slit with NA =
0.07. We could place a set of magnifying lenses between the
fiber end and the spectrometer entrance to reduce the NA of the
light bundle in order to increase the amount of light exiting the
fiber that is coupled into the spectrometer. However, the conser-
vation of étendue is a more general limitation when discussing
light throughput. The étendue Θ of a bundle of rays is equal to
the product of the cross-sectional area A of the bundle with the
solid angle Ω of the beam (Θ = AΩ) and is either conserved
or increased when the light is propagating through an optical
system [16]. A and Ω can not be minimized at the same time.
When connecting the fiber with a NA of 0.22 and a core of
200 μm (étendue = 4777 μm2) to our spectrometer with a en-
trance slit of 25 by 800 μm (étendue = 308 μm2), at least 94%
of the light will be lost at the spectrometer’s slit, even if we
would use a lens system that matches the NA of the bundle to
the NA of the spectrometer. This means the spectrometer is an
important bottleneck in the measurement chain. In our geome-
try, a NA-matching lens pair in front of the spectrometer is not
necessary, as most of the light that enters the fiber in the current
geometry has a NA that is lower than that of the fiber.

3) Confocal Behavior and Tolerances: We demonstrate the
theoretical confocal behavior by observing the collection effi-
ciency obtained from different out-of-focus point sources in a
well aligned system. For a point source 9 μm away from the
focus, the geometrical collection efficiency3 is diminished by
more than 99% compared to the collection efficiency at focus
(see Fig. 4). This occurs in both directions, parallel and per-
pendicular to the rotationally symmetrical axis of the chip. The
alignment tolerances are investigated by introducing a transla-

3The geometrical collection efficiency is the percentage of the rays of an
isotropic point source that is collected by the system, at the collection fiber’s
entrance.

Fig. 4. Geometrical collection efficiency for various displacements from focus
parallel (solid) and perpendicular (dashed) to the rotationally symmetrical axis
of the chip.

tion of the chip. A physical displacement of the chip of 160μm
(i.e., 10% of the diameter of the reflector) relative to the col-
lection optics (in the x-direction) results in at most 15% loss in
collected power. The device is more sensitive to angular mis-
alignments: a rotation of 1◦ (about the focal point) results in a
loss in performance of 43% in simulation.

4) Conclusion: Our simulations demonstrate that our system
allows confocal measurements and that small physical displace-
ments of the chip result in a small loss in collected signal. These
confocal measurements are possible with our chip by using an
integrated free-form reflector together with a collection fiber
working as a pinhole. Therefore, the PMMA background sig-
nal is less present when collecting Raman spectra signals from
solutions in the fluidic channel resulting in a higher sensitivity.
From a fabrication point-of-view, our robust design makes the
chip suitable for mass manufacturing using hot embossing or
injection molding, which paves the way to a low-cost device.

III. FABRICATION OF THE LOC WITH INTEGRATED REFLECTOR

A. Free-Form Shape Manufacturing and Gold Coating

The free-form shape of the reflector is manufactured in
PMMA (Hesaglas Notz Plastics AG) with in-house ultrapre-
cision diamond tooling (Nanotech 350FG). The used diamond
tool has a radius of 221.3 μm. We use a non-contact optical sur-
face profiler (WYKO NT2000, Veeco, Inc.) to characterize the
integrated reflector and to measure the surface roughness of the
fabricated reflector and verify its optical quality. The reflector
has an average radius of curvature of 1.284 mm, a diameter of
1.6 mm and a height of 300 μm. These were measured with a
Multisensor Coordinate Measurement Machine (Werth UA400).
We measure an averaged root mean square (RMS) roughness of
9 nm (σRM S = 1.24 nm), measured within 22 evaluation areas
of 45 μm × 60 μm. In a next step the reflector is coated with
a 200 nm thick gold layer by a thermal evaporation process to
ensure maximal reflectance at 785 nm and higher wavelengths
(see Fig. 5).

B. Bonding of the PMMA Chip Layers and the In- and
Outlet Connections

In a next step the middle layer and top layer were milled.
The middle layer contains the fluidic channel that has a width



DE COSTER et al.: FREE-FORM OPTICS ENHANCED CONFOCAL RAMAN SPECTROSCOPY FOR OPTOFLUIDIC LAB-ON-CHIPS 2701108

Fig. 5. Free-form reflector after manufacturing (diamond tooling) and gold
coating (evaporation).

of 1 mm and a height of 500 μm. Halfway the channel we have
foreseen a chamber with a diameter of 1.8 mm, which is 0.2 mm
larger than the reflector. In the top layer two holes (φ = 1 mm)
were milled for the in- and outlet of the fluid. The three PMMA
plates were bonded by using a UV curing adhesive, which is a
nonfluorescing, slightly flexible, UV/visible adhesive with a low
viscosity and excellently suited for bonding thermoplastics. We
verified that the final fluidic channel is leak tight by injecting
water into the channel with a micro capillary. In order to de-
liver the samples under test into the fluidic channel we need in-
and outlet connections on the chip. The connections are made
of PMMA and are solvent bonded to the confocal Raman chip
using dichloromethane, a solvent in which PMMA is dissolv-
able. We apply the solvent on the bottom of the connections. By
exerting a pressure on the joint between the connection and the
chip layer, the surfaces are locally dissolved while the solvent
is evaporating and the in- and outlet connections will be bonded
to the PMMA surface. The final chip in shown in Fig. 6.

IV. PROOF-OF-CONCEPT DEMONSTRATION

A. Description of the Experimental Setup

For the Raman excitation in our experiments we used a laser
of wavelength 785 nm coupled into a single-mode optical fiber
(φcore = 5μm, NA = 0.12) to realize a well collimated excita-
tion beam by means of a fiber collimator, fixed in a kinematic
mount and connected to the output of the optical fiber (see
Fig. 7). The excitation light passes through a laser line clean-up
filter, suppressing the side lobes in the spectrum of the excitation
light, before it is reduced in beam diameter by an inverted beam
expander to create the simulated beam width (targeting a 800
μm waist) in front of the reflector. The light beam is directed to-
wards the optical chip via a long pass dichroic filter (pass band
790–1050 nm, reflection band 784–786 nm) and is reflected
by the free-form reflector on-chip towards the focal point in
the channel. In this point, the light interacts with the substance
of interest and a Raman scattering signal is created. The Ra-
man scattering reflected by the free-form reflector propagates
through that same dichroic filter and a notch filter before it is
focused in the multimode fiber that is connected to the spec-
trometer. As a result of the trading-off between the signal-to-
background ratio and the amount of detected Raman signal a
multimode fiber with a core diameter of 200 μm was used
for the measurements. The spectrometer used for the Raman
spectroscopy experiments is configured for operation from 780
to 930 nm (a range of 2000 cm−1) and comes with a slit of
25 μm × 800 μm. It has an approximate FWHM resolution of

Fig. 6. Drawing (a) and picture (b) of the chip with the integrated free-form
reflector, including in- and outlet connections as well as a micro capillary.

5 cm−1 and a NA of 0.07. Stray light effects are limited to 0.1%.
The spectrometer features Peltier-cooling to enhance sensitivity
[19]. The reflector chip is clamped on a xyz-translation stage to
ensure its optimal position relative to the incident beam.

Urea solutions with different molar concentrations are pre-
pared to determine the detection limit of the system, going from
450 mM down to 20 mM. To this end we start from a 500 mM
solution of urea from which the different concentrations are
subsequently derived volumetrically. We calculate the accumu-
lated errors on each concentration during this volumetric process
and include these in our calibration curve (see Fig. 10). To de-
liver the urea solutions in the fluidic channel for analysis we
fix one end of a fused silica capillary in the inlet connection on
the chip. The other end is connected to a switching valve. We
connect two syringes at the valve, one containing an urea solu-
tion with a certain concentration and the other one containing
deionized water for purging purposes. The urea solutions are
flowing through the channel with a flow rate of approximately
200 μm/s which is generated by using a syringe pump. Another
fused silica capillary is connected to the outlet connection and
brings the analysed urea solutions to the waste.

B. Results and Discussion

We first demonstrate the background suppression thanks to
the confocality of our system by injecting ethanol in the channel
of our reflector chip. The PMMA background in the ethanol
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Fig. 7. Side view (a) and front view (b) of the confocal Raman spectroscopy
setup.

Fig. 8. (a) Raman spectra of PMMA and ethanol, measured separately with
a commercial Raman spectrometer at 633 nm. (b) Raman spectrum of ethanol
measured at 785 nm in our PMMA chip in the confocal setup, which suppresses
the signal of PMMA by a factor 7 (figures are on the same scale).

Raman spectrum measured on-chip at 785 nm is suppressed by a
factor 7 compared to the Raman spectrum of PMMA measured
with a commercial Horiba Scientific Raman spectrometer at
633 nm. This is illustrated in Fig. 8. The ratio between the
Raman spectra of ethanol and PMMA at different wavelengths
can be compared since both wavelengths are far from the linear
absorption regime of both ethanol and PMMA. To eliminate
the remaining PMMA background in the urea measurements,
we perform a subtraction of this suppressed background before
analysing the acquired spectra.

We want to use our confocal reflector system not only for qual-
itative but also quantitative analysis of solutions. Therefore, we
need to set up a calibration curve since the concentration is not
measured directly. We perform a calibration for urea dissolved in
pure water by measuring the spectra of a series of urea solutions
with known molar concentration. The most characteristic peak

Fig. 9. Example of a Raman spectrum of a solution containing 450 mM urea
and the internal standard (100 mM KNO3 ), measured with a commercial Raman
spectrometer at 633 nm (dashed) and with our reflector based Raman chip at
785 nm, filtered with a second order Savitzky-Golay filter (solid).

Fig. 10. Calibration curve for urea measurements: the SNR is plotted as a
function of the measured concentrations and is calculated by dividing the mean
of the peak area measurements at 1005 cm−1 by the standard deviation of these
measurements over ten measurements. The SNR values are fitted with a straight
line and the error on the concentration is added for each concentration. The
dashed line represents SNR = 1, which corresponds to the NEC. We achieve a
NEC of 20 mM with our system.

in the spectrum of urea (at 1005 cm−1) is isolated for the calibra-
tion. An accurate calibration can only be realized if the Raman
measurements are not influenced by uncontrollable fluctuations
in the setup. Therefore an internal standard with a constant con-
centration is added to each urea solution and the blank sample.
We chose potassium nitrate (KNO3) as internal standard, since
it is an inert compound and it has a strong Raman band at
1050 cm−1 that minimally overlaps with the characteristic peak
of urea (1005 cm−1). The Raman spectrum of this mixed so-
lution is shown in Fig. 9. We normalize the 1005 cm−1 urea
peak to the characteristic peak of KNO3 for each urea solution
after subtraction of the background. We define the performance
of our system by means of the NEC, corresponding to a SNR of
1. The SNR is calculated by dividing the mean of the peak area
measurements around 1005 cm−1 by the standard deviation of
these measurements and this is done over ten measurements and
over the spectral band of urea (980–1030 cm−1). The NEC can
be determined from the calibration curve shown in Fig. 10. This
calibration shows that the NEC of our system is 20 mM for the
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detection of urea. The spectra are recorded with an acquisition
time of 15 s and a power of 190 mW. We note that Dochow
reported a lower detection limit using a quartz chip [9]. This dif-
ference can be partly explained by higher laser intensities and
a better throughput at the slit of the spectrometer. In compari-
son, our device achieves a NEC of 20 mM in a robust confocal
device in plastic, suitable for mass manufacturing and paving
the way to a low-cost and disposable LOC. The detection limit
could be further lowered by shortening the collection arm in our
setup or by replacing the collection arm by an adapted Raman
probe.

V. CONCLUSION

We presented the simulation, design, fabrication and proof-
of-concept demonstration of an optofluidic chip with a reflective
free-form optical component on-chip combined with confocal
Raman spectroscopy to suppress unwanted background from
the measured spectra. The free-form shape of this reflector,
manufactured with in-house ultraprecision diamond tooling, is
designed to optimize the confocality and focusing performance
of the system. In a proof-of-concept demonstration, we showed
the confocal behavior of our system by measuring the Raman
spectrum of ethanol. In a next step, we compared the Raman
spectrum of a solution containing 450 mM urea and the internal
standard (KNO3), measured in our LOC and with a commer-
cial Raman spectrometer. Finally, we performed Raman mea-
surements on urea solutions with different concentrations and
calibrated our system. Our design has potential since we were
able to reach a NEC of 20 mM urea in our chip, having accept-
able alignment tolerances with respect to the collection optics.
Apart from strongly reducing the background perturbations, our
confocal Raman spectroscopy system has several other advan-
tages. The reflector design is robust from a mechanical point
of view and fabricated in PMMA what makes it suitable for
mass-manufacturing using hot embossing or injection mold-
ing. Finally, the use of a reflective element instead of a re-
fractive one enables very high numerical apertures (NA = 1.3)
in the channel filled with the solution of interest, leading to
interesting properties and possibilities: it increases the collec-
tion efficiency, it makes the system compatible with nonlinear
techniques (which require highly focusing optics to achieve high
intensities) such as coherent anti-Stokes Raman spectroscopy,
and it allows for optical trapping of cells or particles [15]. The
main drawback of our system at this stage is that the system
lacks full integration, since it relies on external collection op-
tics. This could make the complete system more expensive and
less portable. We want to observe that the external optical sys-
tem is fairly similar to the optical pick-up system of a DVD
player. Consequently, miniaturization should be possible. This
can further enhance the performance of our system and, since
the beam between the microfluidic device and the external optics
is collimated, should facilitate alignment. Furthermore, there is
room for additional improvement of the PMMA background
suppression by further optimizing the geometrical dimensions
of the system. So, the system proposed in this paper could be im-
plemented as a reader unit containing the external optics, used

with low-cost, mass manufacturable and disposable microflu-
idic components containing a free-form reflector to enable the
confocal measurements.
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